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ABSTRACT

Lithologies and structures of the Inner Piedmont geological province were
mapped in detail in the vicinity of a major, new residential development on Glassy
Mountain, which is located north of Greenville, South Carolina, within the Saluda 7.5minute quadrangle. Three principal lithostratigraphic units are recognized within the
study area: the Henderson Gneiss, Upper Mill Spring unit, and Poor Mountain
Formation. The contact between the Henderson Gneiss and the overlying Upper Mill
Spring-Poor Mountain sequence is the Seneca Thrust. The contact between the Upper
Mill Spring unit and the overlying Poor Mountain Formation is also a thrust fault. Fold
vergence and thrust contacts indicate that the Poor Mountain-Upper Mill Spring sequence
is overturned and non-conformable. Three periods of brittle faulting are recognized in

The Cliffs at Glassy. The initial period is defined by pods of silicified cataclasite, whereas
younger periods of left- and right-lateral brittle faulting are unsilicified.
The geologic relationships serve as a foundation for further investigation of the
groundwater supply for The Cliffs at Glassy. A pumping test conducted in the
community's main well field indicates a strong influence on well performance from
surficial water, storage in saprolite, and silicified and unsilicified faults proximal to the
well field. The well test data are analyzed using published analytical solutions, which
were modified to account for hydrogeologic conditions. An analytical model was
constructed to model the effects of nearby surface water on drawdown within the aquifer
system. The field area's residence within the Marietta-Tryon Graben imprints a common

Cl.EMSON UNIVERSITY LIBRARV

111

orientation upon brittle faults and fractures within the study area. The results of detailed
structural mapping conducted within The Cliffs at Glassy was used to infer anisotropic
conditions within the aquifer system, and the analytical solutions were modified to
account for these effects on the aquifer system as a whole. Another analytical model used
is able to account for contributions to the aquifer system from storage in the saprolite.
The results of the analyses suggest anisotropic conditions within the well field, as well as
ground water contributions from storage in saprolite.
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GEOLOGY OF THE CLIFFS AT GLASSY DEVELOPMENT,
SOUTHERN SALUDA 7.5-MINUTE QUADRANGLE,
GREENVILLE COUNTY, SOUTH CAROLINA

Introduction
Although the Inner Piedmont Subprovince of the Piedmont Province has been
extensively mapped, its deformational history has not been fully deciphered. One of the
problems is that few detailed, large-scale geologic maps of the region have been
completed. As more detailed map information becomes available, subtle complexities
will be recognized and placed into a regional context.
The focus of this study is the Glassy Mountain area, which lies on the southern
margin of the Columbus Promontory in Greenville County, South Carolina and is within
the southern half of the Saluda 7.5-minute quadrangle (Figure 1). Previous studies show
that the deformational history of the Inner Piedmont is complicated by a fold-nappe stack
(Griffin, 1978), by Paleozoic polyphase deformation (Hatcher, 1989), and by post
Paleozoic brittle faulting (Garihan and others, 1990). Within the Inner Piedmont, these
three superimposed relations are known to occur within the Columbus Promontory.
Originally termed the Hendersonville Bulge by Hack (1982), the Columbus Promontory
extends 40 km southeast of the Brevard Fault Zone and is defined by a southeastward
protrusion of the Blue Ridge Escarpment. In a regional study of the Columbus
Promontory, Davis (1993) mapped and compiled the geology of the quadrangles in North
Carolina as far south as the South Carolina state line (Figure 1).
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Z 5-roioute quadrangles
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3 - Lake Lure
4 - Hendersonville
5 - Cliffield Mountain
6 - Mill Spring
7 - Standingstone Mountain
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Figure 1. Regional location map showing the 7 .5-minute quadrangles that cover the
Columbus Promontory. The shaded area represents The Cliffs at Glassy study area within
the Saluda 7.5-minute quadrangle. Faults that make up the Marietta-Tryon and Pax
Mountain Fault systems are also shown (Modified after Garihan and others, 1990).

Glassy Mountain is currently being developed as The Cliffs at Glassy, which will
eventually include more than 800 residences, as well as an 18-hole golf facility. As a
result, the Blue Ridge Rural Water Company, which is responsible for providing water to
the development, recognized that an understanding of the geologic framework is
fundamental for locating additional groundwater resources. The purpose of the field study
was to describe the lithostratigraphic and structural relations that occur in the field area
and to interpret those relations based on comparisons with the surrounding area. Those
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findings were applied to groundwater exploration, and the results are reported in the
subsequent manuscript.
Although geologic mapping has been or is being conducted at 1:24,000 scale to
the north, south, and west of the study area, the southern half of Saluda North quadrangle
had not been mapped in detail and geologic relations were unknown. Because the field
area was separated from previously mapped areas, known map units could not be
extended directly from adjoining areas. To avoid correlation errors, the area was first
mapped and then interpreted using known relations. The information from the field
mapping of The Cliffs at Glassy is presented in that fashion and observations from
specific locations are described.

Mapping Approach
Field mapping was conducted to gather geologic information, and observation
sites were located by GPS and posted on the 1983 provisional topographic map of the
Saluda North quadrangle. Access to the field area is via an extensive, new residential
road system, which provides many exposures from South Carolina Highway 11
northward to Rich Mountain (Figure 2). Many of the field observations were made from
those exposures. Mapping was confined to the area south of the Greenville Watershed
property line (Figure 2). Lithologic map symbols are defined in Table 1.
Mapping follows Griffin's (1978) interpretation that the Inner Piedmont is
characterized by a northwest-vergent, fold-nappe stack. Accurate mapping of
lithostratigraphic relationships within such an area is dependent on whether the sequence
is interpreted as upright or overturned. Fold vergence was documented in each exposure
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that was mapped to determine lithostratigraphic facing. Vergence, as used in this study,
refers to the horizontal direction of movement toward which the upper component of
rotation is directed when a fold is viewed in profile (Bell, 1981 ). Bell (1981, p. 198)
states: "This definition has the advantage over descriptions of fold asymmetry as 'S ' - or
'Z'-shaped, or 'sinistral or dextral', in that the vergence is independent of fold plunge
variations." Based on these statements, observations of small-scale fold vergence were
utilized to determine whether units were upright or overturned with respect to the
northwest-vergent, recumbent fold model of Griffin (1978).

Field Observations
Six mappable lithologies occur in the field area (Table 1). The most prevalent is
biotite au gen gneiss (augen gneiss), which is well exposed in road cuts along South
Carolina Highway 11 at lower elevations on the southern slopes of Glassy Mountain. This
lithology is composed of biotite, quartz, and feldspar; the unit is dark gray to black
because of its biotite content. Color and the presence of augen distinguish the augen
gneiss from other gneisses on the mountain. The augen, up to 4 cm in length, are
predominantly microcline with occasional quartz envelopes, and occur within and
concordant with foliation.
At location 1 (Figures 3 and 4), augen gneiss is deformed into an L-tectonite
marked by a west-directed pervasive lineation without penetrative foliation. Aline of sight
perpendicular to lineation shows northwest-vergent folds with thickened noses and
attenuated limbs. The folds are rootless and bound by transposition shear planes. This
fold style and vergence are commonly observed in the augen gneiss.
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Figure 2. Geologic map of The Cliffs at Glassy Development. Major streams and mountain peaks are shown for local reference, as
well as the approximate location of the Blue Ridge Escarpment. Hogback Mtn. Fault location is from Garihan and others (1990).
Lithologic symbols are defined in Table 1.

Table 1. Mapped lithologies within The Cliffs at Glassy Development

Litholoin'. Name and Mau
Svmbol

Biotite augen gneiss
(Bag)

Granitoid gneiss
(Gr)

Biotite gneiss
(B1m)
Amuhibolite (Amp)

Mica schist with guartzite
(Msq)
Silicified Breccia (Sb)

Mineralogy

Biotite, quartz,
feldspar, microcline
augen
Biotite, muscovite,
feldspar, hornblende,
and amphibole

Quartz, feldspar,
biotite
Predominantly
hornblende with
occasional quartz veins
Schist is biotite,
muscovite, silliminite
with occasional quartz
veins
Recrystallized, quartz

Foliation

Well

Poor to
Moderate

Texture

Coarsely
crystalline

Coarsely
crystalline

Color

Dark gray-black

White-gray

Finely crystalline

Dark gray-black

Finely crystalline

Dark gray to brown
and black

Well

Fine-moderately
crystalline

Schist is reddish
brown to brown

Poor

Fine-coarsely
crystalline

White-tan

Well

Moderate

Distinguishing Characteristics
Elongated microcline augen
concordant with foliation; high biotite
content relative to other locally
exposed gneisses
Feldspar porphyroblasts discordant
with foliation; low biotite content
relative to other locally exposed
gneisses; Intrusive into Biotite gneiss
High biotite content relative to other
locally exposed gneisses; lack of
discemable augen or porphyroblasts;
Locally contains pods of calc-silicate
rock

Typical amphibole cleavage at outcrop

Sillimanite schist marks unit
Linear deposits subsequently faulted
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Figure 3. Map showing the locations of specific exposures described in the text.
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Figure 4. Exposure of augen gneiss displaying northwest-vergent folds at location 1.
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At location 2, road construction has produced an extensive south-facing exposure.
Rootless, recumbent isoclinal folds and disharmonic folds are exposed within the augen
gneiss at this location (Figures 3 and 5). The augen gneiss also shows grain-size reduction
upward into a layer of fine-crystalline mylonitic gneiss near the top of the exposure. This
mylonitic gneiss layer cuts foliation at a shallow angle and is covered by a grassy slope
above the exposure. Subvertical fault planes (N68°E, 69°N) cut the entire west end of this
exposure. Slickenside orientations and chatter marks on the subvertical fault planes
indicate both right-lateral and down-to-the-north motion (Figure 6). These right-lateral
faults offset E-W-striking faults with down-to-the-south slickenside orientations and
chatter marks (Figure 7). Mapping in the vicinity shows that the southern slope of the
mountain is cut by multiple, subparallel faults and fault zones (Figure 2). These fault
zones strike N50° E to N80°E, are roughly parallel to the southern escarpment, and are
commonly marked by springs.
To the west at location 3 (Figures 3 and 8), the augen gneiss also displays grainsize reduction over a relatively small vertical distance (-25 m). Deformation increases
upward as indicated by an increasingly sheared and flattened augen fabric. At the top of
the exposure, a fine-crystalline mylonitic gneiss occurs as a result of the progressive
shearing of the augen gneiss. A thin, weathered pegmatite marks the top of the mylonitic
gneiss layer in the overlying grassy slope.
Similarly, augen gneiss is marked by progressive shearing and grain-size
reduction uphill along an access road at location 4 (Figure 3), with mylonitic gneiss
overlying sheared augen gneiss. The layer of mylonitic gneiss at location 4 ends abruptly
in a series ofN55°E to N60°E-striking, subvertical faults. Chatter marks on these faults
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indicate left-lateral, down-to-the-south motion. Less deformed augen gneiss is exposed to
the north of these faults. A short distance uphill (-10 m), augen gneiss is again
progressively sheared and marked by a reduction in grain size. Porphyroblastic granitoid
gneiss is exposed above a mylonitic gneiss layer, which overli~s sheared augen gneiss.

Figure 5. Part of the exposure at location 2. Small rootless isoclinal folds are present in
the lower part of the exposure. Mylonitic gneiss marking the Seneca Fault is exposed at
the base of the overlying grassy slope. View is to the north and C.W. Clendenin is acting
as scale.
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Figure 6. Chatter marks and slickensides on a subvertical fault plane exposed at location
2. These indicators define right-lateral, down-to-the-north displacement.
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Figure 7. Down-to-the-south slickensides and chatter marks on a left-oblique fault at
location 2. A pocketknife and hand lens act as scale.
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Figure 8. Gradational grain-size reduction in augen gneiss terminating in fine-crystalline
mylonitic gneiss at location 3. (a) Pronounced flattening and shearing of the augen fabric.
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Figure 8. Gradational grain-size reduction in augen gneiss terminating in fine-crystalline
mylonitic gneiss at location 3 (continued). (b) Northward exposure of fine-crystalline
mylonitic gneiss.
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Figure 8. Gradational grain-size reduction in augen gneiss terminating in fine-crystalline
mylonitic gneiss at location 3 (continued). (c) Exposure at the top of location 3 of
pegmatite laden, mylonitic augen gneiss.
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At location 5, in the eastern reaches of The Cliffs at Glassy (Figure 3), augen
gneiss is again disharmonically folded and marked by an upward reduction in grain-size.
At the east end ofthis approximately 30-m .long exposure, the foliation of the augen
gneiss is gently dipping to the southeast (N18°W, 10°£). In the middle of the exposure,
the foliation steepens into a near-vertical (N20°W, 70°£) orientation. West-vergent
monoclinic folds flatten as the foliation steepens. The overlying mylonitic gneiss layer is
subvertical to overturned at the west the end of the exposure. Granitoid gneiss overlies
the mylonitic gneiss and crops out to the west of the exposure. Spatial relations between
these features define a macroscopic, west-vergent, inclined fold.
Either granitoid gneiss or biotite gneiss of variable thickness directly overlies
augen gneiss throughout the field area. Granitoid gneiss is medium- to coarse-crystalline,
is light gray to buff white, and is locally porphyroblastic. This gneiss can be differentiated
from the underlying augen gneiss by its lighter color, lower biotite content, and discordant
orientation of porphyroblasts relative to foliation. Porphyroblasts are 2 to 5 cm in
diameter and are composed of feldspar and quartz. Granitoid gneiss forms pronounced
balds and cliffs on the southern face of Glassy Mountain. Biotite gneiss overlies
granitoid gneiss on many peaks in the western part of the field area, such as Bryant
Mountain (Figure 2). When compared to granitoid gneiss, biotite gneiss is generally
darker in color, is finer crystalline, has alternating quarto-feldspathic and biotite-rich
layers to 4 cm thick, and commonly lacks feldspar porphyroblasts. Biotite gneiss also
contains pods of calc-silicate rock and sparse, thin amphibolite layers. The amphibolite
layers appear to occur in nearly the same stratigraphic position when traced laterally and
are considered marker horizons within the biotite gneiss.
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At location 6, the geologic relationship between the granitoid and biotite gneiss
lithologies is defined where granitoid gneiss is clearly intrusive into biotite gneiss
(Figures 3 and 9). No such intrusive relations have been recognized in the underlying
augen gneiss within the field area. At location 7, granitoid gneiss is in fault contact with
the biotite gneiss (Figures 3 and 10). Comparison of locations 6 and 7 suggests a downto-the-north motion on the fault. At location 8, immediately southeast of Rich Mountain,
biotite gneiss is deformed into a series of mesoscopic, east-vergent folds (Figures 3 and
11 ). The folds are rooted, and fold noses are only slightly thickened as compared to limbs.
These folds are considered to be the most spectacular within the rocks of The Cliffs at
Glassy .
Lithostratigraphic relationships change abruptly to the north of the Clubhouse
onto Rich Mountain (Figures 2 and 3). At location 9, amphibolite associated with mica
schist occurs to the north of a subvertical fault. At location 10, amphibolite to the east
abuts biotite gneiss with calc-silicate rock to the west along the road. The amphibolite is
medium- to dark-gray with faint quartzofeldspathic layering. Small mesoscopic, eastvergent folds occur where layers are thicker (Figure 12) and where the rock has a
pronounced gneissic texture.
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Figure 9. Intrusive contact between granitoid gneiss and biotite gneiss at location 6.
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Figure 10. Fault contact (N87°E, 52°S) between the biotite gneiss and granitoid gneiss at
location 7.
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SW

Figure 11. East-southeast-vergent folds in biotite gneiss at location 8. View is to the
south and hammer point is to the east.
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Figure 12. Small, east-vergent fold in amphibolite gneiss at location 10. View is to the
north and pencil is used as scale.
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Directly to the northeast at location 11 (Figures 2 and 3), mica schist overlies
amphibolite. Thin layers of quartzite are present in the mica schist. At this location, the
hinge of a west-vergent inclined fold is exposed in an unpaved section of the road (Figure
13), and laminated amphibolite crops out above the mica schist in a grassy slope. At
location 12, the folded sequence of mica schist and amphibolite ends abruptly at another
northeast-striking, subvertical fault. Across this fault, biotite gneiss is also exposed.

Figure 13. Exposure of mica schist displaying northwest-vergent folds as seen in
quartzofeldspathic layering at location 11. Pencil for scale

At location 13 (Figure 3), west-northwest-vergent thrust faults cut the biotite
gneiss. Thrusting is defined by an abrupt change in foliation; foliation orientations in the
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hanging wall are steep (- 50°N) relative to nearly horizontal foliations in the underlying
footwall. Thrust planes may be rehealed by aplite (Figure 14). Thrusting at this location
juxtaposes biotite gneiss over biotite gneiss. Amphibolite crops out in the grassy slope
above the juxtaposed layers ofbiotite gneiss. At location 14, this faulted sequence ends
against a northeast-striking, subvertical fault. Across this fault, biotite gneiss is overlain
by mica schist; amphibolite is again exposed above and to the west of the mica schist. At
location 15, that sequence also ends abruptly at another northeast-striking, subvertical
fault. Across this fault, laminated amphibolite overlies biotite gneiss. At Location 16, thin
quartzofeldspathic layers in the amphibolite display small mesoscopic, east-vergent folds
(Figure 15). It should be noted that, when two of the three other fault-bounded sequences
of mica schist and amphibolite described above are traced westward, each sequence
appears to be juxtaposed horizontally with biotite gneiss. The fourth sequence lies on top
of Rich Mountain, and relations with biotite gneiss to the west are indeterminate.
Fault relations are also exposed in the western part of the field area. At location 17
(Figures 2 and 3), pods of silicified cataclasite are present in the biotite gneiss. Similar
pods of silicified cataclasite were previously mapped (Garihan and others, 1990) under
what is today, The Cliffs at Glassy Clubhouse. The projected trend defined by these to
locations pods was used to define the previously mapped Hogback Mountain fault that is
interpreted to have down-to-the-north, left-lateral motion (Garihan and others, 1990).
Mapping shows that two unsilicified faults also occur at location 17 (Figure 3),
with one of the faults south of the silicified pod and the other to the north. The orientation
of the fault south of the silicified pod is N28°E and subvertical; offset on the biotite
gneiss-granitoid gneiss contact indicates left-lateral slip. A second fault (N67°E, 85°N)
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offsets both the previously described fault and the silicified cataclasite right-laterally. The
amphibolite marker at this location is also offset right-laterally along this fault, and
differences in elevation of the marker suggest down-to-the-south motion. To the north on
Bryant Mountain at location 18, another down-to-the-south, right-lateral fault offsets the
amphibolite marker. At location 19, a third down-to-the-south fault offsets both the
biotite gneiss/granitoid gneiss contact and the amphibolite marker by more than 30
meters.

Figure 14. Small thrust in Mill Spring Complex marked by aplite at location 13. View is
to the northeast and hammer is used as scale.
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Figure 15. Small, east-vergent fold in amphibolite gneiss at location 16. View is to the
north and pencil is used as scale.
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To the east at location 20 (Figures 2 and 3), one of the Bryant Mountain faults is
exposed in a north-south roadcut. In this case, the exposure shows that a mapped fault
may consist of a set of eight or more inline fault strands (Figure 16). These inline strands
strike N55°E to N80°E and dip 75°+ both north and south. The principal fault in this set is
located in a small hollow next to the exposure and is marked by a spring. This structural
style of multiple inline faults, which are mapped as a single fault, was first recognized at
location 2.

Figure 16. Inline fault strands exposed in road cut at location 20. View is to the west and
Cameron Warlick is acting as scale.
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Discussion

Geologic Relations
Integration of field observations with previously described regional relationships
shows both similarities and marked differences. Griffin (1974, 1978) defined the Inner
Piedmont as a composite stack of northwestward-vergent fold-nappes composed of
metamorphic rocks and igneous intrusions of various ages. Hatcher (1993) pointed out
that this interpretation appears to be correct after having been scrutinized for many years.
From north to south, the fold-nappe stack, as originally defined by Griffin (1974, 1978),
consists of the Non-migmatic belt, the Walhalla nappe, the Six-Mile nappe, the Star
nappe, and the Southeast Flank (Griffin, 1978). Griffin (1974) proposed 'tectonic slides'
or thrust faults as the boundaries between nappes. Nelson and others (1998) subsequently
modified Griffin's designations; and the names Chauga belt, Walhalla nappe, Six Mile
nappe, Paris Mountain thrust sheet, and Laurens thrust sheet are currently used by many
Inner Piedmont geologists.
In his study of the Columbus Promontory, Davis (1993) applied the names
Chauga belt and Walhalla nappe to different rock packages, and he interpreted more
detailed lithostratigraphic and structural relations within these delineated nappes. The
three major lithostratigraphic units defined within the Columbus Promontory are the
Henderson Gneiss, Mill Spring complex, and Poor Mountain Formation. Davis (1993)
found the stratigraphic relationships between the three units to be unclear because of the
difficulty in determining the nature of the contacts between them. Garihan (1999)
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subsequently suggested that the Poor Mountain-Mill Spring complex sequence is largely
upright.
The Henderson gneiss is the most prominent unit in the Columbus Promontory
and ranges in composition from granite to quartz monzonite (Lemmon and Dunn, 1973).
Augen up to 3 cm in length characterize the rock and are composed of white microcline.
Locally, Henderson gneiss is intruded by granitoid, which can be differentiated from
Henderson gneiss by its lighter color, lower biotite content, and lack of augen. Garihan
(1999) traced augen gneiss, which is interpreted as Henderson gneiss, southward from the
Hendersonville, North Carolina area into the Slater quadrangle (Figure 1). Edge matching
between recent geologic maps of the Slater (Garihan and Kalbas, 2000) and Tigerville
(Clendenin and Garihan, 2001) quadrangles demonstrates that the Henderson gneiss can
be extended to the northern edge of Tigerville quadrangle. Edge matching between the
Saluda and Tigerville quadrangles along South Carolina Highway 11 indicates that augen
gneiss mapped within The Cliffs at Glassy correlates with Henderson gneiss.
The Mill Spring complex is locally migmatitic and contains pegmatites
concordant with foliation, sparse pods and lenses of amphibolite, and a distinctive calcsilicate rock (Davis, 1993; Garihan, 1999). Davis (1993) divided the Mill Spring complex
into the upper Mill Spring complex and the lower Mill Spring complex. The upper Mill
Spring complex commonly forms the dramatic cliffs and balds within the Columbus
Promontory (Davis, 1993) and consists of a variety of gneissic lithologies. However, in
the western reaches of the Columbus Promontory, the upper Mill Spring complex is
predominately a porphyroblastic gneiss (Davis, 1993). The porphyroblastic granitoid
gneiss and the biotite gneiss recognized within The Cliffs at Glassy fit the description of
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the upper Mill Spring complex by Davis (1993) and Garihan (1999). The presence of
porphyroblastic granitoid gneiss within the field area indicates that this lithology, which
had been recognized in this unit only in the western part of the Columbus Promontory,
extends southeastward into The Cliffs at Glassy. Our field observations also indicate that
pods of calc-silicate rock are commonly present within granitoid gneiss and biotite gneiss.
The lower Mill Spring complex consists ofbiotite gneiss, granitoid gneissmetagraywacke, coarse-crystalline amphibole gneiss, and fine- to medium-crystalline
amphibolite (Davis, 1993). This unit is differentiated from the upper Mill Spring complex
by its relative abundance of amphibolite.
Davis (1993) divided the Poor Mountain Formation into three mappable members,
which in ascending stratigraphic order are: interlayered amphibolite and quartzite
(amphibolite-quartzite), garnet-mica schist with quartzite (mica schist), and laminated
amphibolite-hornblende gneiss (laminated amphibolite). The lower amphibolite-quartzite
member is discontinuous. Amphibolite layers are fine- to medium-crystalline with
quartzofeldspathic layering. Quartzite layers range from light yellow-white to dark
brown-black in and are predominantly composed of quartz. The mica schist member
commonly occurs on many of the peaks in the southern Columbus Promontory (Davis,
1993). This member, which is composed primarily of biotite, muscovite, and sillimanite,
is purple to reddish brown or light gray in color depending on composition. Layers of
light yellow to brown quartzite and pods of high-calcium marble may be present in the
mica schist member. The upper laminated amphibolite member crops out primarily in the
southern portion of the Columbus Promontory (Davis, 1993) (Figure 1). The amphibolites
of this member are fine- to medium-crystalline, are dark gray to black, and are commonly
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laminated with quartzofeldspathic layers. The layering in the amphibolites produces some
of the most pronounced mesoscopic folds within the Columbus Promontory (Davis,
1993). The mica schist and laminated amphibolite units that overlie the upper Mill Spring
complex in The Cliffs at Glassy are mapped as Poor Mountain Formation. These two rock
units (mica schist and laminated amphibolite) are correlated with the upper two members
of Davis' (1993) Poor Mountain Formation.

Thrust Faulting
Previous mapping (Davis, 1993) shows that the major lithostratigraphic units are
arranged throughout the Columbus Promontory within three principal thrust sheets
(Figure 17). These three thrust sheets are bound in ascending order by the Tumblebug
Creek thrust, Sugarloaf Mountain thrust, and the Mill Spring thrust (Davis, 1993).
Henderson gneiss is emplaced over Poor Mountain Formation rocks by the Tumblebug
Creek thrust. The overlying Sugarloaf Mountain thrust emplaces Poor Mountain
Formation and Upper Mill Spring unit over Henderson gneiss. The structurally highest
thrust, the Mill Spring thrust, emplaces Lower Mill Spring unit over Poor Mountain
Formation and Upper Mill Spring unit.
Garihan (1999) has conducted extensive study to the west and south of The Cliffs

at Glassy . His mapping shows that the principal fault in the area is the Seneca thrust
(Figure 11 ). The fault contact is characterized by extreme grain-size reduction in the
underlying Henderson gneiss (Davis, 1993; Garihan, 1999). Field relations to the west of
the Columbus Promontory suggest that the Sugarloaf Mountain thrust is analogous to the
Seneca fault (Garihan, 2000, pers. commun.), which separates the Six Mile nappe from
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the underlying Walhalla nappe (Griffin, 1974, 1978). If this interpretation is correct, the
Poor Mountain-upper Mill Spring complex sequence in The Cliffs at Glassy is in the Six
Mile nappe, and the underlying Henderson gneiss is in the underlying Walhalla nappe.
Although Davis (1993) did not recognize that the Sugarloaf Mountain thrust is folded,
Garihan (1999) demonstrated that the Seneca fault surface is complexly folded near
Camp Greenwood, Standingstone Mountain 7.5-quadrangle (Figure 1).
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Figure 17. Thrust sequence in Columbus Promontory (Modified after Davis, 1993).
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In The Cliffs at Glassy, the contact between the Henderson gneiss and overlying
upper Mill Spring complex unit also is characterized by progressive shearing and grainsize reduction in the underlying Henderson Gneiss; the upper limit of which is marked by
a layer of fine-crystalline mylonitic gneiss. The top of this mylonitic gneiss layer is
mapped as the Seneca thrust (Figures 2 and 18). The overlying upper Mill Spring
complex can be differentiated from the underlying mylonitic Henderson gneiss by the
presence of large, round, relatively undeformed porphyroblasts above the contact. Field
relationships also indicate that the Seneca thrust is folded at location 5 (Figure 3), and
west-northwest fold vergence is consistent with fold vergence mapped at Camp
Greenville approximately nine km to the west of The Cliffs at Glassy (Garihan, 1999).

A'
900m

·sMT .

540m

Bag

Bag

1 kilometer

Figure 18. North-South cross-section through The Cliffs at Glassy. Abbreviations are the
same as those used on the geologic map (Figure 2, Table 1). The Seneca Fault is denoted
by SMT (Analogous Sugarloaf Mountain Thrust).

Our mapping shows that the contact between members of the Poor Mountain
Formation and the underlying Upper Mill Spring unit is also a thrust (Figures 2 and 18).
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Thrusting along this contact in the Six-Mile sheet may explain why the lower Poor
Mountain Formation amphibolite-quartzite member is discontinuous and why the Poor
Mountain Formation rests directly on Henderson gneiss in different places. Aplite
intrusion along different thrust planes (Figure 9) suggests that some movement may have
occurred prior to metamorphism. East-vergent folds in the biotite gneiss of the Upper
Mill Spring unit and in the laminated amphibolite member of the Poor Mountain
Formation are consistent with overturning as predicted by the northwest-vergent, foldnappe structural style of the Inner Piedmont (Figures 11 and 12). Thrust contacts and fold
vergence also show that the Poor Mountain-Upper Mill Spring sequence should not be
generalized as conformable and largely upright.

Oblique-slip Brittle Faulting
The southern reaches of the Columbus Promontory are cut by a large brittle fault
system, known as the Marietta-Tryon fault system (Figure 1), that bounds a northeasttrending graben (Garihan and others, 1988, 1990; Garihan and Ranson, 1992). At least 21
different faults and splays make up this fault system, which bounds a graben varying from
17 km to more than 20 km wide. This structure is defined by down-to-the-south
displacement along the northern boundary faults and by down-to-the-north displacement
along the southern boundary faults. The strike of the faults, splays, and associated
cataclasite zones is N50° E to N70° E (Garihan and others, 1990). Polyphase movement is
indicated by repeated periods of brecciation, silicification, and vein-filling, and by both
right- and left-oblique slip (Garihan and others, 1990; Clendenin and Garihan, 2001 ).
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Much of the fault mapping within the Inner Piedmont and Marietta-Tryon fault system
has been based on the projected trace of zones of silicified cataclasite.
The periods of brittle faulting can be deciphered from the established
lithostatigrahic relations. Three periods of brittle faulting are interpreted from field
exposure in The Cliffs at Glassy. The first of these periods is defined by pods of silicified
cataclasite, in contrast to the younger periods that are characterized by unsilicified, leftand right-oblique-slip, brittle faults. Slickenside analysis suggests that offset along
northeast-striking faults is left-oblique, whereas offset along east-northeast-striking faults
is right-oblique. At location 17, movement along a younger, right-oblique fault offsets
both silicified cataclasite and a left-oblique fault (Figure 2 and 3). Fault relations at
location 4 indicate that the Seneca thrust is offset six meters by down-to-the-south, leftoblique faults. These down-to-the-south faults are offset by right-oblique, down-to-thenorth faults at location 2 (Figure 18). These observations suggest that left-oblique
displacement was followed by a period of right-oblique displacement. The proposed
sequence of faulting is consistent with kinematic indicators identified by Garihan and
others (1990) and with observations of the Pax Mountain fault system by Clendenin and
Garihan (2001).
Several different displacement directions are displayed along faults exposed on
Rich Mountain (Figures 2, 3, and 18). At location 9, rocks are offset left-oblique, downto-the-north based on the displacement ofbiotite gneiss and the appearance of Poor
Mountain Formation mica schist and laminated amphibolite members across the fault. At
location 12, rocks are offset right-oblique, down-to-the-south based on the displacement
of the Poor Mountain Formation-upper Mill Spring complex thrust contact and the
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reappearance of upper Mill Spring complex biotite gneiss across the fault. At Location
14, rocks are offset left-oblique, down-to-the-north based on the lateral displacement of
the Poor Mountain Formation-upper Mill Spring complex thrust contact and on
juxtaposition of mica schist and laminated amphibolite against biotite gneiss. At location
15, faulting has offset rocks left-oblique, down-to-the-north based on the lateral
displacement of the Poor Mountain Formation-upper Mill Spring complex thrust contact
and on the reappearance of the laminated amphibolite member across the fault. Down-tothe-north relations are consistent with a stepping into the Marietta-Tryon graben, which
lies to the north of Glassy Mountain according to Garihan and others (1990).
In addition, fault relations are also complex on the south side of Glassy Mountain

where left-oblique slip faults have displaced the Seneca thrust down-to-the-south (Figure
2 and 18). Down-to-the-north, right-oblique movement along younger fault strands tends
to obscure these fault relations, as well as the preserved stratigraphic relations as
observed at location 5. Garihan and others (1990) show that the Cross Plains and Pax
Mountain faults, which lie south of Glassy Mountain, are down-to-the north. If these
relations are true, the identification of down-to-the-south faulting along the south face of
Glassy Mountain implies that an east-northeast trending branch of the Marietta-Tryon
graben may be present between Glassy Mountain and Pax Mountain.

Conclusions
Geologic mapping in The Cliffs of Glassy shows that the preserved
lithostratigraphic relations are comparable with many of those previously established
within the Columbus Promontory. Moreover, many relations are more complex than
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recognized and additional detailed study of adjoining areas is needed. Recognition of
structural facing and brittle faulting need to be considered in many interpretations of the
structural history of the area.
The results of our mapping have important implications to understanding the
groundwater resources of The Cliffs at Glassy. Springs were used during geologic
mapping as indirect data points to identify the location of subvertical, brittle fault strands
in areas of poor exposure. For example, common springs along the south face of Glassy
Mountain were used in identifying fault strands in that part of the area. Information from
the geologic mapping of The Cliffs at Glassy is being integrated with new data from
aquifer testing on the mountain. This information, which will be reported in a companion
paper, should contribute to enhancing the groundwater supply for this residential
development.
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AQUIFER CHARACTERIZATION OF GLASSY
MOUNTAIN, SOUTH CAROLINA PIEDMONT

Introduction

Background and Significance
Glassy Mountain is currently being developed as The Cliffs at Glassy, which will
eventually include over 800 residences, as well as an 18-hole golf facility. The
southeastern side of the development is marked by steep slopes, typical of the Blue Ridge
Escarpment, rising over 600 m within a surface distance of 3 km. Logistical
inefficiencies preclude the Blue Ridge Rural Water Company (BRRWC), which is
responsible for providing water to the development, from pumping residential water
supplies from their contiguous service area in Greer, South Carolina. This situation has
prompted BRRWC to explore new groundwater sources on top of Glassy Mountain. As a
result, BRRWC considers an understanding of the hydrogeologic framework essential in
assessing water supply and in locating additional groundwater resources within The Cliffs

at Glassy.

Previous Studies In the South Carolina Piedmont
Previous work concerning water wells in the Piedmont has centered around siting
wells with respect to favorable topography and the intersection with lineaments in order
to maximize well yield. It has been demonstrated that the consideration of structural
geology in the process of siting water supply wells in the Piedmont greatly enhances
production (Lineback et. al., 1989). Piedmont drillers have long considered well yield to
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be generally greater in low-relief topographic areas, such as valleys and draws, as
opposed to ridges, hilltops, and hillsides (Mitchell, 1995). Legrand (1967) points out the
importance of thick layers of saprolite and regolith in well performance in the Piedmont
and Blue Ridge, noting that high well yield coincides with low topographic areas
underlain by relatively thick layers of saprolite and regolith. Several studies within the
northwestern portions of South Carolina have demonstrated that relatively high well yield
is directly proportional to increased intersection with known faults and fractures (Snipes,
1981; Snipes et al., 1983, 1984). Snipes et al. (1984) point out that fault and fracture fill
material along intersected faults have a large effect on well productivity within the South
Carolina Piedmont. Their study also found that many silicified breccia (cataclasite) -lined
faults, such as the Pax Mountain Fault in Greenville County, yield only small amounts of
groundwater.
Although there is a long history of water well usage for residential and public
supply in the South Carolina Piedmont, testing of those wells has been limited. All public
supply wells, however, are pump tested for 24-hours in accordance with the South
Carolina Department of Health and Environmental Control (DHEC). These tests use a
variable rate in order to determine a long-term pumping rate and are not as useful for
aquifer analysis as constant rate pump tests. It should be noted that few constant rate
pumping tests have been conducted in the South Carolina Piedmont.

Objectives
The initial phase of this study included detailed mapping of lithologic and
structural relationships present within the study area (Warlick et. al., 2001 ). This phase
concentrates on the analysis of an aquifer test conducted in BRRWC' s well field atop
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Glassy Mountain with respect to specific mapped structural relations and hydrologic
conditions. The aquifer test is analyzed to determine the influence of those features on
well performance and flow parameters for the aquifer system as a whole. The results of
the test are used to identify features conducive to high-yield well production within
BRRWC's Glassy Mountain well field, as well as implications towards the entire
development.

Geologic Setting
The study area is located within the western Inner Piedmont geological province
and in the southwestern quarter of the Saluda 7.5-minute quadrangle, South Carolina
(Figure 1). The Inner Piedmont consists of predominantly crystalline lithologies with a
complex structural history. The province is deformed by a fold-nappe stack emplacement
(Griffin, 1978), Paleozoic polyphase deformation (Hatcher, 1989), and Mesozoic brittle
faulting (Garihan et al., 1990).
Glassy Mountain lies within a further physiographic subdivision within the Inner
Piedmont geologic province termed the Columbus Promontory (Davis, 1993). Originally
termed the Hendersonville Bulge by Hack (1982), the Columbus Promontory is defined
by a southeastward protrusion of the Blue Ridge Escarpment extending 40-km southeast
of the Brevard Fault Zone. The southeastern slope of Glassy Mountain locally forms the
Blue Ridge Escarpment.
Glassy Mounatain is deformed by a large brittle fault system, known as the
Marietta-Tryon fault system, which bounds a northeast-trending graben (Garihan and
others, 1988, 1990; Garihan and Ranson, 1992; Figure 19, this study). At least 21
different faults and splays make up the fault system. The graben varies from 17 km to
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over 20 km wide and is defined by down-to-the-south motion along the northern
boundary faults and by down-to-the-north motion along the southern boundary faults.
The strike of the faults, splays, and associated cataclasite zones varies from N50°E to
N70° E (Garihan and others, 1990). Polyphase movement is indicated by repeated periods
ofbrecciation, silicification, and vein-filling, and by both right- and left-oblique slip
displacement (Garihan and others, 1990). Much of the fault mapping within the Inner
Piedmont and Marietta-Tryon fault system has been based on the projected trace of zones
of silicified cataclasite (Garihan and others, 1988, 1990; Garihan and Ranson, 1992).
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Figure 19. Regional location map showing the 7 .5-minute quadrangles that cover the
Columbus Promontory. The shaded area represents The Cliffs at Glassy study area within
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Mountain Fault systems are also shown (Modified after Garihan and others, 1990).
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Structural Geology of Glassy Mountain

Three principal lithostratigraphic units are recognized within the study area: the
Henderson Augen Gneiss, Upper Mill Spring unit, and Poor Mountain Formation (Figure
20;Table 1). The Henderson Augen Gneiss (Henderson Gneiss) is the dominant lithology
exposed at lower elevations on Glassy Mountain. This lithology is composed of biotite,
quartz, and feldspar and is dark gray to black in color as a result of high biotite content.
Microcline augen, up to 4 cm in length, occur within and concordant with foliation. The
Upper Mill Spring unit is composed ofbiotite gneiss and granitoid gneiss. The granitoid
gneiss is intrusive into the biotite gneiss, and these two different lithologies of the Upper
Mill Spring unit comprise the majority of the bedrock exposed at the higher elevations of
Glassy Mountain. The Poor Mountain Formation is comprised of mica schist interlayered
with quartzite and an overlying amphibolite unit. Rocks of the Poor Mountain Formation
are confined to the northern part of the study area at Rich Mountain (Figure 20).
The three principal lithologies are separated by thrust contacts within The Cliffs at
Glassy (Warlick et al., 2001). The contact between the Henderson Gneiss and overlying

Upper Mill Spring unit is mapped as the regionally correlative Seneca Thrust. This fault
is marked by an upward reduction in crystal-size within the Henderson Gneiss, toward
the contact with the overlying Upper Mill Spring unit. The Seneca Thrust is poorly
exposed on Glassy Mountain and is mapped where mylonitized Henderson Gneiss is
overlain by granitoid gneiss or biotite gneiss. The abutment of these lithologies is
commonly obscured by vegetation. Exposure of the Seneca Thrust contact is also
discontinuous on Glassy Mountain as a result of subsequent displacement along younger
brittle faults. Where exposed, a thin, weathered pegmatite marks the top of the
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Figure 20. Geologic map of The Cliffs at Glassy Development. Major streams and mountain peaks are shown for local reference, as
well as the approximate location of the Blue Ridge Escarpment. Hogback Mtn. Fault location is from Garihan and others (1990).
Lithologic symbols are defined in Table 1.

Table 1. Mapped lithologies within The Cliffs at Glassy Development

Litholo1n'. Name and Mau
Svmbol

Biotite augen gneiss
(Bag)

Granitoid gneiss
(Gr)

Biotite gneiss
(Brn)
Amuhibolite (Amp)

Mica schist with guartzite
(Msq)
Silicified Breccia (Sb)

Mineralogy

Biotite, quartz,
feldspar, microcline
augen
Biotite, muscovite,
feldspar, hornblende,
and amphibole

Quartz, feldspar,
biotite
Predominantly
hornblende with
occasional quartz veins
Schist is biotite,
muscovite, silliminite
with occasional quartz
veins
Recrystallized, quartz

Foliation

Well

Poor to
Moderate

Texture

Coarsely
crystalline

Coarsely
crystalline

Color

Dark gray-black

White-gray

Finely crystalline

Dark gray-black

Finely crystalline

Dark gray to brown
and black

Well

Fine-moderately
crystalline

Schist is reddish
brown to brown

Poor

Fine-coarsely
crystalline

White-tan

Well

Moderate

Distinguishing Characteristics

Elongated microcline augen
concordant with foliation; high biotite
content relative to other locally
exposed gneisses
Feldspar porphyroblasts discordant
with foliation; low biotite content
relative to other locally exposed
gneisses; Intrusive into Biotite gneiss
High biotite content relative to other
locally exposed gneisses; lack of
discemable augen or porphyroblasts;
Locally contains pods of calc-silicate
rock

Typical amphibole cleavage at outcrop

Sillimanite schist marks unit
Linear deposits subsequently faulted
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mylonitized Henderson Gneiss at the Seneca Thrust contact. The contact exhibits no
distinguishable open fractures throughout the study area. The Seneca Thrust contact is
independent of specific springs or seeps where mapped on Glassy Mountain. Poor
exposure hinders direct measurement of the orientation of the Seneca Thrust within the
study area. However, Garihan (1999) suggests that the Seneca Thrust dips from < 5° to
roughly 20° to the south throughout the Western Inner Piedmont. The contact between the
Upper Mill Spring unit and overlying Poor Mountain Formation is mapped as a thrust on
Glassy Mountain (Warlick et al., 2001).
Three periods of brittle faulting are recognized in The Cliffs at Glassy. Field
relations present on Glassy Mountain suggest that the initial period of left-oblique
displacement along the Hogback Mountain fault (Garihan et. al. 1990) was followed by a
subsequent period of left-oblique faulting and then an even later period of right-oblique
faulting. The initial period of faulting is defined by pods of silicified cataclasite, in
contrast to the younger faults, which are unsilicified. The trace of the Hogback Mountain
fault is locally defined by the projection of two pods of silicified cataclasite (Garihan and
others, 1990: Figure 20) observed on Glassy Mountain. A strike of N55°E is defined from
a pod located in the southwestern part of the study area and from a pod that now
underlies the new Clubhouse at The Cliffs at Glassy (Garihan and others, 1990: Figure
20).
Polyphase faulting is interpreted along the Hogback Mountain fault in the
southwestern portion of the study area (Figure 20). Here, the Hogback Mountain fault is
cut by a younger left-oblique brittle fault. These two fault planes are offset by a rightoblique brittle fault. This sequential faulting style has also been observed along a
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silicified fault of the Cross Plains fault system in the northern extreme of the Tigerville
7.5-minute quadrangle, directly to the south of Glassy Mountain (Clendenin and Garihan,
2001). Damage zones are observed along both the left- and right-lateral brittle faults,
which cut the pods of silicified cataclasite (Figure 21 ). Many of the silicified faults within
the area, including the Hogback Mountain Fault, can be considered fault systems
exhibiting polyphase movement. Numerous springs and seeps, most visible on the
southeastern slope of Glassy Mountain (Figure 20), occur along unsilicified faults from
the latter two periods of faulting.

Figure 21. Damage zone associated with the silicified Pax Mountain fault system.
Massive blocks of cataclasite are cut by younger brittle faults (black lines). Hammer for
scale.
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Well Field Setting
Although 16 wells have been installed, BRRWC presently has only seven wells in
service within The Cliffs at Glassy (Table 2, Figure 20). The majority of these wells were
never developed as production wells because of low yields, whereas one well (BRRWC
#2) was abandoned because of increasingly high iron content. Three of the supply wells
(BRRWC well #'s 4, 14, 16; Figure 20, Figure 22) that are currently in use were utilized
during a pumping test. These wells are located within the high basin atop Glassy
Mountain, approximately 100 meters to the west of The Cliffs at Glassy clubhouse and
directly beside the 18 th green of the golf course (Figure 22). The wells were chosen
because of their relatively high yields when compared to other BRRWC wells and their
proximity to BRRWC's main pump station, which allowed for ease of monitoring of
water levels and pump rate. The three wells are roughly co-linear (generally E-W) and
parallel to an approximately 5-acre lake, a product of golf course construction. The wells
are cased to bedrock, through a layer of regolith and saprolite of variable thickness
(Figure 23). The regolith and saprolite thickness ranges from 36 to 92 feet and is based
on the depth of well casing.
The uppermost bedrock encountered by these wells is granitoid or biotite gneiss
of the Upper Mill Spring unit. The wells are likely drilled through the Seneca Thrust into
the Henderson Augen Gneiss at depth, based on Garihan's (1999) regional orientation
estimation. However, it is difficult to locally project this fault from exposures on the
south side of Glassy Mountain since the dip ofthis fault is unknown on Glassy Mountain
and because the contact is locally folded (Warlick et al., 2001). Later brittle faulting of
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Table 2. Physical parameters derived from DHEC 24-hour pumping test results of the
seven current production wells within The Cliffs at Glassy. Well and casing depths are
from drillers' logs and are below ground surface (bgs). The pumping rate, drawdown, and
resultant specific capacities are the final results of the DHEC 24-hour variably decreasing
rate pumping tests.

Well
Name

Depth (ft
bgs)

Casing
Depth (ft
bes}

Pumping
Rate
(swm}

Drawdown
@24 hrs (ft
bes}

Specific
Capacity
(!mm/ft)

Well# 4
Well# 8
Well# 11
Well# 12
Well# 13
Well# 14
Well# 16

500
405
505
475
425
405
350

39
75
51
76
54
92
58

81
52
37
23
27
25
73

69
323
439
423
364
351
206

1.17
0.16
0.08
0.05
0.07
0.07
0.35

Figure 22. Photograph of the BRRWC well field utilized for the pumping test proximal to
the 18th green of The Cliffs at Glassy golf course. Photo view is to the northwest.
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West

East

100 ft/30.48 m

Well# 14
Well# 16

Well# 4

Saprolite

-------- -------Upper Mill

s

-100 feet

00

s::t:

Spring

0
M

~
0
0

-

-200 feet

?

-

?

-

Seneca Fault
-300 feet

Henderson
Gneiss
405 feet
92 feet Casing

350 feet
58 feet Casing
1--_;-~

8"

:-400 feet

LO"

500 feet
36 feet Casing

Figure 23. Cross-sectional diagram of The Cliffs at Glassy well field. Casing depth is
represented by the upper gray portion of the wells. The bedrock surface depth is assumed
to be the base of well casing. A short arm caliper log of BRRWC well #4, generated I
July of 1990 (Mitchell, 1995), is pictured adjacent to well #4. The caliper log was
generated prior to the boring out of well #4 to its final depth of 500 feet. The possible
location of the Seneca Fault is given corresponding to the breakout zone at 227 - 236 feet
bgs on the caliper log for well #4.
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the Seneca Thrust further complicates the estimation of its location at depth in the well
field. The projection of the Hogback Mountain Fault strikes N55°E between the three
wells and the lake. Fault and fracture exposure is poor in the immediate vicinity of the
well field, as a result of the relatively thick layers of saprolite.
Vertical fractures (N65-75°E) are exposed in a creek bed immediately to the south
of the Hogback Mountain Fault and the golf course lake. Although the projected strike of
these fractures does not intersect the wells used for the aquifer test, this range of
orientations is common for fractures and brittle faults that intersect the Hogback
Mountain Fault throughout the study area. Stereographic pole plots for all measured
fractures and faults are presented in Figure 24.
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Figure 24. Stereographic pole plots. (a) Stereographic pole plots of mapped fractures at
The Cliffs at Glassy. (b) Stereographic pole plots of mapped faults at The Cliffs at Glassy.
Thrust faults (T) and oblique-slip faults (X) are both depicted.
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Several borehole logging methods have been utilized to characterize the nature
and depth of fractures intersecting BRRWC well #4. A short arm caliper log for
BRRWC well #4 was generated in July 1990 (Figure 23, Mitchell, 1995). This log
reveals two major zones of enlargement: one just below the casing from about 36 to 60
feet below top of casing (b.t.o.c.), and another at 227 to 236 feet b.t.o.c. A borehole video
log was conducted by BRRWC. Once the camera was in place, just below the casing, the
pump was turned on and the camera lowered to qualify the contribution of flow from
specific fractures. The video log depicts the majority of flow originating from shallow
fractures (36-60 feet b.t.o.c.) below the well casing. Only trace amounts of flow, if any at
all, were observed in the video log from the enlarged zone at 227-236 feet b.t.o.c. The
depth of the deeper enlarged zone, as defined by the caliper log and verified with the
video log, agrees with the projected depth of the Seneca Thrust within the well-field
when projected from the Seneca Thrust contact 3.5 km away in the northern part of the
Tigerville 7.5-minute quadrangle. This projection yields a dip of 2.7° S, which is within
the general dip given by Garihan (1999).

Previous Pumping Tests Conducted on Glassy Mountain
A variety of pumping tests have been conducted within The Cliffs at Glassy
development since construction began. Each of the seven production wells have been
tested for 24-hours in accordance with the South Carolina Department of Health and
Environmental Control (SCDHEC) prior to residential use. These tests utilize a variably
decreasing pumping rate to define the rate at which the well can be pumped while
maintaining enough head to protect the well pump. The results and general physical
parameters for BRRWC' s current production wells are given in Table 2.
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A previous pumping test was conducted utilizing BRRWC' s well# 4 as the
pumping well in the summer of 1992, prior to much of the development construction,
including the golf course lake (Mitchell, 1995). The pumping test was conducted for 14
hours at a constant rate of 92 gallons per minute. Water level measurements were taken at
BRRWC well #4 and at a nearby observation well (BRRWC #5). Mitchell ' s objectives
were to obtain a specific capacity for the pumping well and determine the ' hydraulic
connectivity' between the two wells. The drawdown versus time curves had similar
slopes for the two wells. One anomaly occurred at a water level of 44 feet below ground
surface (bgs) in the pumping well (BRRWC #4). The rate of water level decline slowed at
44 feet and then returned to its previous slope at later times. Mitchell (1995) speculated
that this anomaly was the result of the draining of an intersected fracture.

Aquifer Test Methods
Much of the pump test procedure for this study was dictated by the water supply
needs of The Cliffs at Glassy community. Maintenance of water supply to the community
was necessary leading up to and for the duration of the test. The pumping well (BRRWC
# 4) was in use to meet residential demand prior to the aquifer test. It was not possible to
allow for system recovery to equilibrium conditions prior to the onset of the aquifer test.
The test was conducted during October 2000, in the midst of prolonged drought
conditions. In order to conduct the aquifer test for the longest possible time, to maintain
water supply to the community, and to obtain the largest amount of data without
exceeding BRRWC' s storage facilities, three periods of pumping were used. The
pumping well (BRRWC #4) was initially pumped at 77 gallons per minute for a period of
22 hours and 10 minutes. The pumping well (BRRWC #4) was then turned off for a
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period of 12 hours and 40 minutes to allow for recovery. Pumping was conducted again
for another 22 hours and 10 minutes, totaling 57 hours for the entire test. Pumping was
conducted at a rate of 77 gallons per minute in order to satisfy the community's demand
for the duration of the test without exceeding BRRWC' s storage facilities. Water levels
were recorded in the pumping well (BRRWC #4) and at BRRWC #16 and BRRWC #14
using an electric water-level tape. A plan view of the well field is given in Figure 25. The
pumping rate, governed by a gate valve, was monitored with an in-line flow meter.
Inherent migration in the gate valve position deemed frequent monitoring and adjustment
of the valve necessary.
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PW4
(0,0)
OW16
(-3.1,-10.3)

ow140
(0,-367)

50 ft
15.24 m

Figure 25. Plan view of The Cliffs at Glassy well field. The map has been rotated 90°
counterclockwise in order to depict the x-axis of the well coordinates in a horizontal
orientation. All coordinates are in units of feet. OW= Observation Well. PW= Pumping
Well. The location of the Hogback Mountain Fault is approximate, based on Garihan et.
al. (1990).
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Aquifer Test Results and Analysis

Aquifer Test Data
The raw results from the aquifer test for the pumping well (BRRWC #4) and
observation wells (BRRWC #'s 16 and 14) are given in Figure 26, as plots of drawdown
(feet) versus time (minutes). These data show the effects of pumping prior to the onset of
the pumping test. The initial water level does not reflect true equilibrium conditions
(static) because of the pumping of BRRWC #4 prior to the onset of the test. This initial
level is lower than the resultant level after the 12 hours and 40 minutes of system
recovery.
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Figure 26. Drawdown versus elapsed time plot of the raw aquifer test data. Plot shows the
difference in ' static' water level prior to the first pumping period, and the water level
after 12 hours and 40 minutes ofrecovery.
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The analytical solutions that were used for test analysis assume that drawdown in
the system is Oat time= 0. The drawdown data for the initial pumping period was
compensated to account for pre-test pumping and to normalize the static water level to a
value of 0. Water table elevations resulting from pumping prior to the aquifer test were
simulated using the Theis solution. The actual pumping rate (77 gpm) was applied to
BRRWC #4 for the duration that it was pumped prior to the onset of the aquifer test, and
Theis recovery was simulated for the time period prior to the onset of the pumping test.
The simulated effects of background pumping remained 315 minutes into the pumping
test. The amount of drawdown was added to the measured values for the first 315 minutes
of the primary pumping period in order to approximate the effects of background
pumping (Figure 27).
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Figure 27. Drawdown versus elapsed time plot of aquifer test data compensated for pretest pumping. The effects of pumping prior to the beginning of the pumping test are
accounted for assuming Theis recovery in the system.
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The plot of data compensated for background pumping (Figure 27) suggests that
water levels within the observation wells (BRRWC # 16, # 14) did not flatten out to
equilibrium drawdown at late time during the two pumping periods. The magnitude of
drawdown for both wells was not as high during the second pumping period as it was
during the primary pumping period. This behavior could be the result of a variety of
conditions present during the pump test. The compensation for pretest pumping might not
have fully accounted for all background disturbances within the system. Therefore, the
compensated water level at the onset of pumping does not simulate true equilibrium.
Although there was no precipitation during the pumping test, golf course irrigation did
take place during the evening, which coincided with late times of each pumping period. It
is unknown if this irrigation served as recharge to the aquifer system rapidly enough to
have significantly decreased drawdown. This difference in the degree of drawdown could
also be caused by differing pumping rates for the two pumping periods. Although the
flow meter was frequently monitored, the meter may have been in error, resulting in a
lower pumping rate for the second pumping period and a lesser degree of drawdown. The
most likely explanation for the difference in the degree of drawdown for the two pumping
periods is the prolonged pumping stress applied to the aquifer system prior to the onset of
the aquifer test in order to meet residential demand. The 12 hour and 40 minute period of
system recovery before the second pumping period is much longer than the usual 1 - 1.5
hours ofrecovery allowed by BRRWC's normal pumping cycles. This longer recovery
likely provided for more storage within the aquifer system and a reduction in drawdown
for the second pumping period. For these reasons, the final pumping period was used for
comparative analysis.
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Theis Solution Analysis
The basis for initial analysis of the well test data was the Theis solution (Theis,
1935). The Theis solution provides a means to predict drawdown effects within an
aquifer based on the properties of the aquifer. Predictions are then compared to actual
data in order to ascertain aquifer properties. The Theis solution assumes confined,
homogeneous, and isotropic conditions within the aquifer. In reference to the conceptual
model outlined above (Figure 23), the saprolite is treated as a confining unit, not
contributing groundwater to the underlying aquifer, and the fractured bedrock as a
homogeneous, isotropic aquifer. Although the assumption that the saprolite is a confining
unit is realistically invalid, the Theis solution provides an initial method to roughly
quantify aquifer parameters and expose the presence of auxiliary ground water storage
within the aquifer system. The Theis solution is as follows (Theis, 1935):

Q "' e-u
s(x, y ,t)=--f-du,
41rKb ,, u
.h

Wit

Sr 2
4Kbt

U = --

(1 )

(2)

Solution parameters are defined in Appendix II. The radial distance component of the u
term in the exponential integral was transformed to allow for the representation of well
locations in x and y coordinates, with the origin at the pumping well (Well# 4), using the
following relationship:

(3)

The resultant u term is:
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S(x2+y 2)

u=----.
4Kbt

(4)

Data from the two monitoring wells (#16 and #14) were used in the Theis analysis. The
wells were analyzed collectively in order to ascertain the behavior of the aquifer system
as a whole. The storativity (S) and hydraulic conductivity (.K) were varied in order to
obtain a fit of the observed data with the Theis solution by minimizing the sum of
residuals squared (SSR). The sum of residuals squared is the sum of the squared error
between the drawdown as predicted by an analytical solution and the actual drawdown
that is observed during the aquifer test. Comparison of SSR values among analytical
solutions provides a means to gauge the quality of fit of a solution to aquifer test data and
assess the relative validity of aquifer parameters produced by different solutions. In
general, lower SSR values suggest an improved fit between analytical solutions and
aquifer test data, as well as more realistic aquifer parameters.
Plots of drawdown versus time, as predicted by the Theis solution, were
constructed using the test data for the observation wells (Figure 28). The sum of residuals
squared (SSR) is 139.5 ft 2 • The Theis solution overestimates drawdown during the late
times of the pumping period for both well #16 and well #14. The curve of the observed
data from well # 16 flattens out shortly after pumping is initiated (- 100 minutes), while
the Theis curve shows drawdown maintaining an increasing slope at the cessation of
pumping. The same behavior is observed in well #14.
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Figure 28. Drawdown versus elapsed time plot comparing observed test data with
drawdown predicted by the standard Theis solution. The Theis solution overestimates
drawdown, suggesting auxiliary storage within the aquifer system.

The Theis solution also underestimates recovery after the cessation of pumping in
both wells. This behavior suggests a possible influence of storage from outside the
fractured bedrock portion of the aquifer system or the influence of a recharge boundary.
The physical conditions in the well field present a number of possible origins for this
auxiliary storage. The possibilities include storage within the overlying saprolite, a zone
of increased storage within the laterally proximal Hogback Mountain Fault zone, and
intersection of the wells with fractures that are also exposed to the pond resulting in a
constant head boundary. The Theis solution treats the saprolite as a confining unit not
contributing flow to the well.

62
Effect of Constant Head Boundary on Drawdown
To investigate the latter of the three possibilities, the basic Theis analysis was
altered to account for the lake as a constant head boundary at a given distance from the
pumping well (BRRWC #4). This alteration is achieved through the inclusion of an
image well. The image well is located at twice the distance to and perpendicular to the
constant head boundary (lake) and is modeled to have an injection rate equal to the
pumping rate of the pumping well (#4). The predicted drawdowns of the two wells are
summed, according to the theory of superposition, thus modeling the lake as a constant
head boundary throughout the aquifer test.
The boundary is located in the positive x-direction (south) with respect to the x-y
coordinate system, at a distance of X

= L from the pumping well (Figure 29). The

solution includes an image well at a distance ofX = 2L with an injection rate of 77 gpm
in order to simulate the constant head boundary at the lake. The u term in the exponential
integral becomes:

u

S((x-2L)2 + y 2 )
4Kbt

(5)

Initially, the distance from the pumping well to the boundary (L) was set at 130 feet, the
actual distance for the given well-field. Values for storativity and hydraulic conductivity
were varied in order to obtain a fit of the observed data with the solution. Plots of
drawdown versus time were made depicting the observed and calculated drawdown for
each observation well (Figure 30). This solution produces a relatively poor fit when
compared to the standard Theis solution based on the SSR value of 305.0

ft'. Figure 30

reveals that the solution produces a better fit for well #16 than for well #14. The
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Figure 29. Conceptual plan view of The Cliffs at Glassy well field with the constant head
boundary (lake) represented by an image well. The image well is located perpendicular to
the constant head boundary at twice the distance from the pumping well.
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Figure 30. Drawdown versus elapsed time plot comparing observed test data with
drawdown predicted by the Theis image solution with a fixed distance to the constant
head boundary (L = 130 ft.). The poor fit associated with well# 14 suggests that the
constant head boundary has less of an effect on the aquifer system as a whole.
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magnitude of the drawdown for observation well # 16 is greater than the drawdown for
well #14, given its closer proximity to the pumping well. Therefore, the sum of squared
residuals is minimized to a greater degree by fitting the Theis solution more closely to the
data from well # 16. Therefore, the resultant solution pertains more to local hydro logic
properties proximal to the pumping well and well # 16, than to the aquifer system as a
whole. The Theis image solution for L = 130 feet severely underestimates drawdown at
observation well #14. This suggests that the constant head boundary that is caused by the
lake is more of a local condition and has less of an effect on observation well 14 and
therefore, the aquifer system as a whole. Even though the statistical (SSR) fit of the Theis
image solution with a fixed L is poor when compared to the Theis solution, the curve
produced by the image solution has a similar slope to that of the observed data for well
#16.
In order to model this relationship, the Theis image solution was recalculated

varying the distance from the pumping well to the constant head boundary (L) as well as
storativity and transmissivity of the aquifer. This solution produced an improved fit over
the Theis image solution with a fixed distance (L) to the boundary, most notably with
respect to observation well 14. The solution achieved the best fit of the data with the
constant head boundary 555 feet away from the pumping well (L = 555). The sum of
residuals squared for the Theis image solution with L

= 555 is significantly less at 91 .5

ft 2 • Although the solution yields an improved fit (Figure 31 ), the modeled distance to the
constant head boundary (L) is much larger than is physically realistic. A possible reason
for this is the effect of the Hogback Mountain fault zone on well performance. As stated
above, the Hogback Mountain fault (N55°E) is likely cut by oblique brittle faults and
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fractures (N65-75°E). Preferential flow along these faults and fractures would cause
anisotropic conditions within the aquifer system with dominant flow in roughly the ydirection (Figure 29). These anisotropic conditions could cause the Theis image solution
with a variable distance (L) to the boundary to generate a larger than actual L-value. The
Theis image solution was altered to account for anisotropy in the system and the test was
re-evaluated.
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Figure 31. Drawdown versus elapsed time plot comparing observed test data with
drawdown predicted by the Theis image solution with a variable distance (L) to the
constant head boundary. The best fit was found at L = 555 ft. This suggests that the
Hogback Mountain fault zone influences the effect of the constant head boundary on
head distribution within the well field.

67
Effect of a Constant Head Boundary on Drawdown
In an Anisotropic System
The basic Theis analysis assumes that the aquifer is homogeneous and isotropic.
These two assumptions are probably invalid for the fractured crystalline aquifer system
that occurs on Glassy Mountain because the hydraulic conductivity is likely to be greater
along the strike of conductive fracture zones. For this reason, an anisotropic hydraulic
conductivity was introduced into the Theis image analysis:

2

S((x - 2L)2+Kry )
h h
u = - - - - - - - - - - ' - - - , sue t at
4Kbt

(6)

(7)

The hydraulic conductivity is assumed to be greater in the y-direction -within the well
field due to the presence of the Hogback Mountain fault zone between the wells and the
lake. It is likely that faults and fractures that cut the Hogback Mountain Fault intersect the
wells. The Kr ratio represents the anisotropy in the well field by expanding the y-direction
relative to the x-direction. The distance to the boundary (L) is held constant at its actual
physical distance of L = 130 feet, and the storativity and hydraulic conductivities of each
direction are varied in order to obtain a fit of the observed data with the solution.
The anisotropic Theis image solution produces a better fit than the previous
solutions (Figure 32), with an SSR value of 59.9 ft2 • Again, the majority of the
improvement in the curve-fit is concentrated on observation well #14. The Kr-value
produced is 0.064, which signifies that the hydraulic conductivity in they-direction (Ky)
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is approximately 16 times greater than the hydraulic conductivity in the x-direction (Kx)
as follows:

1
- - = Ky =15.63 .
K, Kx

(8)

This degree of anisotropy allows the aquifer system to be modeled with respect to the
actual spatial position of the constant head boundary.
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Figure 32. Drawdown versus elapsed time plot comparing observed test data with
drawdown predicted by the anisotropic Theis image solution. The solution suggests that
Kx is approximately 16 times greater than Ky, thus allowing the constant head boundary
to be modeled at its physically realistic distance.
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Effect of Water Release from Saprolite Storage on Drawdown
An alternate analytical model called BGSPT, developed by the British Geological
Survey (Barker and Macdonald, 2000), was used to investigate the influences of storage
in the overlying saprolite on aquifer response to the pump test. J.A. Barker developed the
BGSPT model over the course of several years through his work on British Geological
Survey projects. The solution models the response of a semi-confined aquifer system
over an infinite lateral extent (Figure 33). The aquifer system consists of two layers with
horizontal flow within the aquifer and vertical flow within the overlying aquitard. The
BGSPT program, available on the BGS web site (www.bgs.ac.uk/bgspt/home.html), is a
DOS-based Fortran code capable of simulating and analyzing pump tests. Refer to
Appendix III for the complete definition of Barker's BGSPT model including parameter
groups. The notation for common aquifer parameters can be found in Appendix II.
Drawdown within the aquifer is determined by the following relationship:

41rTs(r,t)

Q

F(,,p,a,p,y,8),

(9)

within which drawdown is expressed in terms of non-dimensional parameter groups. The
solution allows for the variation of many aquifer and well parameters in order to achieve
the best fit of actual and calculated drawdown values. Parameters for aquitard thickness
Cha), well loss (B2 and C), and radii of the well (rw) and casing (re) remain fixed

throughout the running of the model. The aquitard thickness is fixed at a value of 62 ft.;
the arithmetic average depth of casing among the three wells monitored for the test. The
well loss parameters (B 2 and C) are fixed at a value of O and it is assumed that well loss is
negligible given the relatively small radii of the wells. The radii of the wells and casing
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are fixed at 0.33 ft. The analytical solution was fit to the drawdown data by varying
transmissivity and storativity of the aquifer, and hydraulic conductivity, specific storage,
and specific yield of the aquitard.
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Figure 33. The Barker conceptual model of a large-diameter well in a leaky aquifer with a
horizontal water table. Refer to Appendix Il for the definition of parameters. After Barker
and Macdonald, 2000. For the purposes of these analyses, the saprolite is modeled as an
aquitard contributing downward flow to the bedrock aquifer.

The BGSPT model produces a better curve-fit than the standard Theis solution,
the only other solution without an image well that has been attempted in this analysis
(Figure 34). The SSR value is 72.4

ft2. The separation of the predicted drawdown curve

from observed data is concentrated at later times during the pumping period (>400
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minutes of pumping) where the solution underestimates drawdown. The BGSPT solution
underestimates drawdown at early times (<300 minutes of pumping). The BGSPT model
assumes constant and consistent downward flow from the aquitard to the aquifer. In light
of the conceptual model of the BGSPT program, the model portrays depleting storage and
downward flow within the aquitard as pumping continues for longer periods resulting in
an increasing slope in the drawdown versus time curve.
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Figure 34. Drawdown versus elapsed time plot comparing observed test data with
drawdown predicted by the standard BGSPT model, which allows for flow from storage
within the saprolite. The solution overestimates drawdown, suggesting that auxiliary
storage is not fully accounted for by flow from the saprolite.

Although the previous solution provides a "good" fit for the observed data, the
BGSPT solution was altered to include an image well in order to investigate the effects of
the lake as a constant head boundary within the two-layer system. Dr. Barker altered the
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original BGSPT code to include two pumping wells with observation wells at userspecified radii from each pumping well. The image well (injection) was placed at a radius
of260 feet from the pumping well (abstraction) in order to simulate the constant head
boundary defined by the lake, 130 feet to the south of the pumping well (Figure 29). All
other components of the standard BGSPT conceptual model remained the same for the
BGSPT image well analysis. This solution produces a poor fit (Figure 35) to the observed
data with an SSR value of 320.4

ft2 and extremely low values for hydraulic conductivity

(Ka) and specific storage (Ss) of the aquitard (Table 3). In essence, the model greatly
reduces the flow parameters of the aquitard to overcome the masking influence of the
constant head boundary on drawdown within the system. This is a similar response to the
overestimation of the distance to the constant head boundary with the use of the previous
Theis image with variable L solution. The constant head boundary does not exert as much
control over the head distribution among monitoring wells, as is predicted.
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Figure 35. Drawdown versus elapsed time plot comparing observed test data with
drawdown predicted by the BGSPT image model. The underestimation of drawdown by
this solution suggests that the constant head boundary has less of an effect on the well
field.
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Anisotropic Transform of BGSPT
As with the previous Theis image solution, anisotropy was introduced into the
analysis through the transformation of the coordinates of the monitoring wells.
Anisotropy is introduced into the BGSPT analysis utilizing basic infinite source functions
in order to derive transformations of radial coordinates and time. Infinite source functions
normal to each other are multiplied to produce a new source function with the shape of
the intersection of the two original source functions. In this case, where the infinite
source function of a line along the z direction is desired, the source functions for the x-z
and y-z planes are multiplied together as follows:
S (x -x,)2

4K , t

source y - z plane -" e
~
47rK/

s

(10)

(y-y,)2

4K/

(11)

(12)

Multiplying through the equation by

PQC,

~~
yields

(13)
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(14)

Transformed x-y coordinates of monitoring point locations, as well as the transformed
observation times, can now be pulled out of the above equation in the following manner:

(15)

such that,

x*=~K, x

(16)

K"
y*=~K, y

(17)

t*=~K, I
Kx

(18)

Ky

Transforming the coordinates of the observation wells (Figure36) and the time allows for
the simulation of anisotropic conditions within the well field for any chosen Kx and Ky.
4

The Kx and Ky values (1.23 X 10 ft/min and 1.92 X 10-3 ft/min, respectively) derived
from the anisotropic Theis image solution were used to transform well coordinates and
time data and the BGSPT image model was run again using the transformed data. This
produced a greatly improved fit (Figure 37) of the solution to the transformed aquifer test
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Figure 36. Plan view of The Cliffs at Glassy well field depicting well locations as defined
by the anisotropic transform of well coordinates. Well locations were altered based on the
degree of anisotropy that resulted from the anisotropic Theis image solution (Kr= 0.064).
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data with an SSR value of 4.2 ft 2 . The majority of the separation in the curve-fit occurs
after the time-drawdown curves have begun to flatten out (after about 1000 minutes of
transformed pumping time). This separation is concentrated with well # 14 where the
solution underestimates drawdown at these late times. The separation in the curve fit for
well # 16 occurs from about 500 minutes to 1000 minutes of pumping as the solution
overestimates drawdown. The increase in drawdown in the predicted curves maintains a
relatively constant increasing slope after 1000 minutes, while the slope of the observed
data continues to flatten for the duration of the transformed time.
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Figure 37. Drawdown versus transformed time plot comparing observed test data with
drawdown predicted by the anisotropic BGSPT image model. The solution allows for
auxiliary storage from the saprolite and the presence of the constant head boundary,
resulting in the closest curve fit of all attempted solutions.
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The standard BGSPT model was run again using the transformed well coordinates
and observation times, producing a similar result. The resultant curve-fit (Figure 38) was
slightly improved over the isotropic BGSPT analysis with an SSR value of 69.5 ft2 • The
majority of the separation in the curve-fit for well #16 also occurs after 800 minutes of
transformed times where the observed data curves flatten out while the predicted curves
maintain a constant slope. The anisotropic BGSPT solution underestimates drawdown at
early times (<800 minutes) for well #16. The solution underestimates drawdown for
majority of the pumping period for well #14, with the exception of the latest data point.
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Figure 38. Drawdown versus transformed time plot comparing observed test data with
drawdown predicted by the anisotropic standard BGSPT model. This solution provides a
slightly improved fit over the isotropic standard BGSPT model.
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Aquifer Parameters
A variety of aquifer system parameters were generated dependent on the solution
used for well test analysis. Parameters representative of the well field as a whole,
including the degree and direction of potential anisotropy, were obtained. Realization of
aquifer system parameters representative of the entire well-field was improved through
the sequential alteration of the Theis-based solution, focused on the improved curvematch relative to observation well # 14 resulting in the minimization of the sum of
residuals squared (SSR).
Parameters are comparable between the different methods of analysis. The Theis,
modified Theis, and confined BGSPT solutions yield values of storativity, transmissivity,
and hydraulic conductivity. The two-layer BGSPT solutions yield these same parameters
for the aquifer, as well as hydraulic conductivity, specific storage, and specific yield
values for the aquitard. The resultant parameters from each successive analysis are
presented in Table 3.
Several basic trends, tied to the respective conceptual models of the solutions,
present themselves through the resulting aquifer parameters. The similar progression in
the alteration of analyses between the Theis-based and BGSPT-based solutions results in
similar parameter values, with the main differences due to the different conceptual
models of each. The inclusion of an image well in both solutions generally reduces values
of aquifer parameters and, with the two-layer BGSPT solutions, aquitard parameters. The
inclusion of the image well along with maintaining a fixed distance to the constant head
boundary produces relatively poor curve-fits among the analyses. This is readily seen
with the Theis Image solution with a variable L (Figure 31 ). The distance to the boundary

Table 3. Aquifer parameters generated from the analyses used in this study.

Analysis
Theis
Theis Image
w/ Fixed L
Theis Image
w/ Variable
L
Anisotropic
Theis Image
BGSPT
Anisotropic
BGSPT
BGSPT
Image
Anisotropic
BGSPT
Image

T=

K = Hydraulic

NA

Transmissivity
Cfl21min)
0.25

Conductivity
(ft/min)
5.5 X 10-4

130

0.18
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0.25
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boundary (ft)

130
NA

T=
y
0.89

Tx=
0.06
0.25

Ka= Hydraulic

2.0 X 10·4

SSR = Sum
of Residuals
Squared (ft2)
139.5

3.9 X 10-4

8.0 X 10·4
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2.0 X 10-4

Kx=
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(nd)
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(ft/min)
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Storage (ff

)
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Yield (nd)

Confined Analyses

91.5

Ky =

1.24
1.94
X 10·4 X 10·3
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4
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59.9
2.8 X 10·'
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3
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is much larger than physically realistic and aquifer parameters revert to those derived
from the standard Theis solution. This suggests that the boundary has less of an effect on
head distribution within the aquifer or that the boundary influences are dampered by the
presence of structural influences present between the boundary and within the well field.
The same behavior can be seen with the BGSPT image solutions. The aquifer parameters
generated from the unconfined BGSPT image solution are quite similar to those of the
Theis image solution with a fixed distance to the constant head boundary (L ), and the
aquitard parameters are drastically reduced, suggesting a relatively confined system. In
effect, the constant head boundary, when modeled at its actual distance away from the
pumping well, has such a large effect on the head distribution within the aquifer that the
model requires that there is minimal release from storage from the aquitard in order to
obtain the best curve-fit.
Curve fits with the Theis-based and BGSPT-based image solutions are improved
when anisotropic conditions are included in the analysis. The decreased Kx reduces the
effect of the constant head boundary on the modeled drawdown of the monitoring wells.
With the BGSPT-based solutions, this is coupled with a reduction in the values for
aquifer hydraulic conductivity and transmissivity and an increase in aquifer storativity,
aquitard hydraulic conductivity, and specific storage, as more of the flow from the well is
released from storage in the aquitard.
Based on the SSR values, the anisotropic BGSPT image solution provides the best
2

curve-fit to the observed data with an SSR value of 4.2 ft . The inclusion of the image
well in this solution accounts for the constant head boundary, and its overall effects on
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head distribution in the aquifer are modeled by the inclusion of anisotropic conditions in
the well field.

Discussion
The results of the pumping test analysis indicate a strong influence of structural
and geologic relationships on well performance. The sequence of analyses conducted in
this study attempt to account for this influence. The successive alteration of the basic
Theis solution yields an improved curve-fit to the well test data by including physical
conditions present at the well field. The overestimation of theoretical drawdown
compared to observed data by the standard Theis solution suggests the influence of
auxiliary storage outside of the fractured bedrock aquifer itself. The inclusion of an image
well in the Theis solution accounts for the presence of the lake proximal to the well field.
The improvement of the curve-fit through varying the distance to the constant head
boundary indicates a possible influence by the Hogback Mountain fault zone with its
associated brittle faults and fractures striking sub-parallel to they-direction. The solution
produced a distance to the boundary that is larger than the actual distance, indicating
anisotropy that is possibly due to the Hogback Mountain fault zone and a higher
hydraulic conductivity in they-direction (Ky) than in the x-direction CKx). The alteration
of the Theis image solution to account for this anisotropy yields an improved fit and
quantifies the hydraulic conductivity ratio (Kr).
The BGSPT-based solutions explore the influence of a two-zone aquifer system,
with release from storage from the overlying saprolite, as well as the influences of a
constant head boundary within that system. The resultant curve-fit generated by the
standard BGSPT solution is only slightly improved with the inclusion of the anisotropic
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conditions and magnitude that were generated by the Theis image solution. The inclusion
of an image well in the BGSPT solution fails to adequately model the aquifer response.
Only when the anisotropic conditions are included does the solution adequately fit the
observed test data, suggesting the structural influence on head distribution provided by
the Hogback Mountain fault zone.
The Theis image solutions and BGSPT-based solutions all account for auxiliary
storage sources in order to generate the best curve matches for the aquifer test. It is
unclear as to whether the auxiliary storage is derived from downward flow through the
saprolite, the constant head effects of the golf course pond, or a combination of both. The
lowest relative R 2 values found with the anisotropic BGSPT image solution suggest that
the BRRWC' s well field resembles a two-layer system. The successful curve-fit of the
anisotropic BGSPT image solution and anisotropic Theis image solution suggests that if
the lake represents a constant head boundary for the aquifer system, anisotropy, with a
higher Ky than Kx, significantly affects flow within the aquifer. Given the relatively close
proximity of the lake to the well field, it is likely that there is a large effect from the
constant head boundary on head distribution within the aquifer. It is probable that there is
a combined influence of a constant head boundary (lake) and delayed release of storage
from saprolite, with horizontal and vertical flow within the saprolite. This is supported by
the results of the borehole video log depicting the vast majority of flow to the well from
shallow fractures just below the saprolite.
Increasing the number and location of monitoring points is necessary in order to
resolve the source of this auxiliary storage and test the validity of anisotropic conditions.
The co-linear arrangement of the wells used in this pump test is not ideal for the purposes
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of this test. The anisotropy within the aquifer could be more easily confirmed through
observation points that vary in the x-direction. Furthermore, shallow monitoring points
seated within the saprolite layer would identify if there is flow through this layer and if
there are any downward vertical gradients, which would suggest flow from storage within
the saprolite to the fractured aquifer below.
An alternate explanation for auxiliary storage is the presence of lateral
heterogeneities within the well field. The Hogback Mountain fault zone, proximal to the
co-linear well field, possibly provides this physical setting. If the Hogback Mountain
fault zone is sufficiently extensive with associated conductive faults and fractures, then
the hydraulic conductivity along the Hogback Mountain fault zone would be higher than
the zone within which the wells are drilled. In such a situation, drawdown would be
retarded as the radius of influence of the pumping well reaches a lateral zone of relatively
higher conductivity. The higher conductivity within the fault zone would reduce the
magnitude of drawdown at the later times and produce the curve-fit separation that is
observed with the solutions used in this study. Numerical solutions and models could
prove useful in spatially quantifying this behavior. It is also possible that this curve-fit
separation is due to the influence of discrete fractures intersecting the wells. As the wells
receive contributions from storage in intersecting faults and fractures, the degree of
drawdown is reduced to less than predicted values. This behavior is similar to that of the
anomaly observed by Mitchell (1995), where the rate of drawdown is reduced at 44 feet
bgs. The eventual result of each of these scenarios of auxiliary storage is the depletion of
the storage at later times and an increase in the rate of drawdown. This response was not
distinctly observed during the pump test conducted in this study. The relatively low pump
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rate that was used (77 gpm), dictated by residential supply requirements, did not lower
water levels below the shallow, highly productive fracture zone. Therefore, the fractures
were not drained and the time-drawdown curve maintained its slope (Figure 26).
The results of the aquifer test are pertinent to well siting on Glassy Mountain.
Since the Hogback Mountain Fault is silicified and offset by younger faults and fractures
(Warlick et. al., 2001), contiguous flow is unlikely directly along its strike. The wells
used in the pump test likely intersect at least some of the faults and fractures of the
Hogback Mountain Fault zone. The proposed anisotropic effect of the Hogback Mountain
fault zone, with its associated fractures, on the aquifer system within the well field would
suggest preferential flow along strike of these subsequent structures and suggest the
dominance of these latter structures on flow within the basin atop Glassy Mountain. If
this is the case, siting wells within the basin atop Glassy Mountain should concentrate on
the Hogback Mountain Fault zone and focus on drilling new wells with the largest
amount of exposure to the associated brittle structures of the latter two generations. Well
siting should also take into account intersection with the Seneca Fault, which could
locally conduct groundwater.
All of the wells drilled by the Blue Ridge Rural Water Company thus far are
located in the basin atop Glassy Mountain, near the Hogback Mountain Fault zone.
Attention should also be paid to the spring-producing faults present on Glassy Mountain,
which are mostly concentrated on the south side of the mountain. None of the wells
drilled thus far intersect mapped spring-producing faults on the south side of Glassy
Mountain.
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The results of this study also suggest that attention be paid to the saprolitic layer
in crystalline settings and its role in groundwater flow and storage. A large contribution
to the fractured aquifer from storage is suggested by the pump test analyses conducted
combined with evidence from the borehole video log that the majority of flow entering
the well is from the shallowest fractures. If this is true, spatial limitations are placed on
the main source of storage for the aquifer system atop Glassy Mountain. Closely spaced
production wells within this limited area of thick saprolite coverage of bedrock would
potentially deplete this storage. It is possible that the relatively high yield of these wells is
due mostly to this storage reservoir in the saprolite. During long periods of drought, such
as was the case during the pumping test, the decreased amount of recharge and increased
evapotransportation could greatly hinder sustained production of the wells
Another concern for the wells presently in use atop Glassy Mountain is wellhead
protection. If the majority of flow is from storage in the saprolite layer, the well system is
susceptible to groundwater contamination from the ground surface. The Cliffs at Glassy
development has potential surficial contaminant sources. The many pesticides and
fertilizers utilized by the golf course facility present a contamination source of concern,
as well as septic tanks associated with the over 800 residences and other development
facilities to be constructed. Contaminants from these sources are not impeded from
entering the saprolite at the ground surface and could present water quality and possible
health problems.

Summary
This study contributes important data and insight to the under-investigated ground
water resources of the Piedmont. The pump test data presented in this study adds to a
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minimal amount of existing data. The analyses conducted enhance the understanding of
fractured bedrock aquifers and ground water interaction between bedrock and overlying
saprolite. Based on the relative curve fits among analyses used in this study, the well field
at The Cliffs at Glassy resembles a two-layer aquifer system, where the lower fractured
bedrock aquifer receives ground water flow from storage in the overlying saprolite.
Therefore, the actual aquifer parameters for this system are likely similar to those
generated by the anisotropic BGSPT image solution utilized in this study (Table 3),
which utilizes this conceptual scenario. The results agree with Legrand's (1967)
contention that high well yield in the Piedmont coincides with relatively thick layers of
saprolite. Well siting within The Cliffs at Glassy should be concentrated in areas where
saprolite is thick, although this limits the number of wells that can be pumped given the
severe relief of most of the development and the relatively small area of thick saprolite
deposits. It is unlikely that there is continuous flow along the Hogback Mountain fault
due to the pervasive silicified fill along this structure and the fault's intermittent trace
caused by displacement along later unsilicified faults. Well siting should concentrate on
intersecting a high number of faults and fractures of the latter two periods of mapped
faulting. These structures produce the anisotropy exhibited in the pump test analyses and
mapped springs within the development.
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Appendix II

General Notation

b

thickness of the aquifer (ft)
thickness of the aquitard (ft)
aquifer-loss parameter (min/ft2)
well-loss parameter (min/ft2)

C

well-loss parameter (min2/ft 5)
well function for a large - diam. well (nd)

K

hydraulic conductivity of the aquifer (ft/min)
hydraulic conductivity of the aquitard (ft/min)
hydraulic conductivity ratio (nd)
hydraulic conductivity in the x-direction (ft/min)
hydraulic conductivity in the y-direction (ft/min)

Ko(_z)

modified Bessel function (nd)
modified Bessel function (nd)

L

distance from pumping well to the constant head boundary
(ft)

p

Laplace transform parameter (nd)

Q

pumping rate (gpm)

r

radial distance from the center of the well (ft)
radius of the well casing (ft)
radius of the well screen (ft)

s(x,y, t)

drawdown in the aquifer (Theis) (ft)
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s(r,t)

drawdown in the aquifer (BGSPT) (ft)

So

initial drawdown in the well (ft)

Sa(r,z,t)

drawdown in the aquitard (ft)

Sw(f)

drawdown in the well (ft)

s

storage coefficient of the aquifer (nd)
specific storage of the aquifer (ff 1)
specific storage of the aquitard (ff 1)
specific yield of the aquitard (nd)

T

transmissivity of the aquifer (ft2/min)

t

time since the start of pumping (min)

X

x-coordinate of a monitoring point/center of monitoring
well (ft)

XJ

x-coordinate of a line source with an infinite extent in the
z-direction

y

y-coordinate of a monitoring point/center of monitoring
well (ft)

YI

y-coordinate of a line source with an infinite extent in the
z-direction

94
Appendix III

Definition of BGSPT Model

Flow Equations. Initial Conditions, and Assumptions
Darcy's Law combined with the conservation equation for the aquifer is (refer to Figure
33)

And for the aquitard:

asa=K a2sa

S
s

at

az 2

At the boundary between the aquifer and the aquitard the drawdowns will be identical, as
follows:

s(r,t)=s)r,b,t)
At the water table, the downward flow of water must balance the rate of release of water
from storage, as follows:

asa=K asa

S
y

at

a

az '

z =O

The change in the amount of water in the well is equal to the difference between the
abstraction and inflow from the aquifer, such that
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T~e initial condition is that of zero drawdown throughout the system:
SW

(o )=s(r,O )=so (r,z,O )=0

Also, the aquifer is assumed to be of infinite horizontal extent and the drawdown tends to
zero away from the well:

lim s(r, t )= lim sO (r, t )= 0
r-..+oo

r-+oo

Solution of the Equations
The solution of the flow equations is obtained by taking the Laplace transform with
respect to time. Drawdown is expressed in terms of non-dimensional parameter groups:

4nTs(r, t)
---=F(,,p,a,/3,y,8),
Q

Where

1

Tt

4uw

Sr;

,=--=-

Sr 2

a=w
r2
C

/3= basso

s
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And the Laplace transform of the well function is given by:

F(p,p,a,P,r,8)=

f

e-p,

F(,,p,a,P,r,8)d,

Where
12

/l,

=p+ rµ (

tanhµ+Sµ
I+8µtanhµ

J

And

The drawdown can be evaluated by numerical inversion of the transform given by:

